Key words: lysosome/proton pump/V-ATPase/weak base/acidic ionophore/vacuolation ABSTRACT. Weestablished an in vitro cell-free system with which to evaluate the effects of basic substances and acidic ionophores on the internal pH and integrity of FITC-dextran (FD)-loaded lysosomes isolated from the rat liver. In this system, basic substances and acidic ionophores not only increased the internal pH dose-dependently, but also disrupted the lysosomes in the presence of Mg-ATP,which was detected as the release of FD from lysosomes. All of the vacuoligenic bases and acidic ionophores, but none of the non-vacuoligenic bases or neutral ionophores disrupted the lysosomes, suggesting that this phenomenonis an in vitro manifestation of vacuole formation induced in vivo by basic substances and acidic ionophores. Lysosome disruption required a functional proton pump as well as permeant anions. It was inhibited by inhibitors of the lysosomal proton pump, including bafilomycin Ai, 7V-ethylmaleimide (NEM), and J/V,7V'-dicyclohexylcarbodiimide (DCCD), or when permeant anions were replaced with impermeant anions. It was also suppressed by increasing the osmotic pressure of the surrounding medium, suggesting that it was caused by osmotic swelling of lysosomes induced by protonated bases or cations characteristic of particular ionophores that accumulated within lysosomes driven by the proton pump. Furthermore, this lysosomal disruption was inhibited by cytosolic factors. This phenomenon will provide an in vitro system for studies on osmoregulation and the intracellular dynamics of the lysosomal system, including membrane fusion.
non found in cells in culture, in animals treated with drugs or under pathological conditions (4, 5, 6, 36, 44, 51, 59, 60, 67, 71) . We showed that various basic substances produce vacuolation in cultured macrophages (36) . Similar vacuolation is produced by acidic ionophores (19, 21) . These vacuoles are derived from acidic compartments such as lysosomes (32, 33, 44, 60) and the Golgi apparatus (19). Wealso showed using fluorescein-dextran (FD) as a pH indicator, that these substances render the organella of the vacuolar system alkaline (35, 43 ). An increase in vacuolar pH affects a variety of biological reactions, suggesting its importance in these process (14, 28, 31, 48) . The pH within the vacuolar system is maintained by means of metabolic energy (32, 33, 35) . The cellular uptake of bases continues even after reaching a steady level of pH within lysosomes (32, 48) and the vacuolar pH increases by depleting cellular energy (35). These activities are considered evidence of a lysosomal proton pump. In fact, we and others have found an ATP-dependentproton pump (H+-ATPase) on lysosomes isolated from rat tissues (22, 37, 38, 58) and we purified it from rat liver tritosomes as an anion-sensitive v-type H+-ATPase(3). The time course of the uptake of bases correlates well with that of vacuole formation, suggesting that vacuole formation is a consequence of the osmotic swelling of the acidic compartment induced by accumulated bases (36). In fact, the calculated concentration of weak bases within lysosomes almost reaches isotonicity mMfor chloroquine) (35). The energy dependent uptake of bases and cytoplasmic vacuolation (60) are considered to be consequences of the proton pump-driven uptake of bases within lysosomes and their subsequent swelling.
While studying the effect of vacuolating weak bases and acidic ionophores on the internal pH of lysosomes, we found that these chemicals disrupt lysosomes in the presence of Mg-ATP. This phenomenon correlated well with the vacuole formation observed in vivo caused by these chemicals, suggesting that the vacuoles were formed through swelling and/or membranefusion of lysosomal system.
Part of this study was presented at the Fifth Symposiumon the Interaction of Drugs and Biological Membranes in Japan (1982) , at the International Symposium on "Membrane Biogenesis and Recycling" (Kan-nami, Shizuoka, Japan, 1984) , and in a review article (33, 39) .
MATERIALS AND METHODS
Ma terials. Male Wistar rats (150-250 g) and male albino mice (ddY, 30 g) were purchased from Tokyo Experimental Animal Laboratory (Tokyo). Bafilomycin Ai was a gift from Dr. K. Altendorf (University of Osnabriick, Osnabriick, Germany). Antamanide was a gift from Prof. T. Wieland (Max-Planck-Institut fur Medizinische Forschung, Heidelberg, Germany). Nigericin and X-537A were obtained from Eli Lilly Co. and Hoffman-La Roche Inc., respectively. FITC-dextran (FD-70, average molecular weight 67,000, abbreviated as FD)1 and most of the other chemicals were obtained from Sigma and used without further purification. Anti-fluorescein antibody was prepared by the sodium sulfate fractionation of serum obtained from rabbits immunized with FITC-labeled bovine gammaglobulin.
Methods.
Analytical procedure. Proteins were determined by the method of Lowry et al. (26) . Marker enzymes for lysosomes (/3-TV-acetyl-D-glucosaminidase), mitochondria (cytochrome c oxidase), microsomes (NADH-specific cytochrome c reductase, glucose-6-phosphatase, esterase) and peroxisomes (catalase) were assayed as described (2, 57). Cellular organelles were separated on Percoll density gradients as described (2, 57).
Preparation oflysosomes containing FITC-dextran. Lysosomes containing FITC-dextran (FD) were prepared from the livers of rats either in the form of (1) a lysosome-rich fraction (FD-LM fraction) as described (37), (2) autolysosomes by the procedure of Kato et al. (18) , or (3) dextranosomes as described (2). Rats were injected intraperitoneally with FD (20 mg of FD-70/100 g of body weight) and starved for 12-16 hr before sacrifice. To prepare autolysosomes, the rats werefurther injected with leupeptin one hour before sacrifice. The lysosome-rich fraction (FD-LMfraction) was resuspended in SVE,then autolysosomesand dextranosomesobtained after the second round of Percoll density gradient centrifugation, were mixed with protease inhibitors (pepstatin, leupeptin, chymostatin and antipain, all at 5 //g/ml) and bovine serum albumin (1 mg/ml (Fig. 2) . This was reversed by the addition of FCCP, as described (data not shown; see 34). When NH4CI (1 to 80mM) was added to the incubation medium, the fluorescence intensity of the lysosomes increased instantaneously and dose-dependently ( Fig. 2A) . In the presence of ATP, the amount of fluorescence after adding NH4C1was always lower than that found in the absence of ATP, except at the highest concentration (77 mMNH4CI). However, if the intralysosomal pH was initially lowered by adding ATP, the fluorescence increase caused by NH4C1was almost the same regardless of the presence (control) or absence (+NEM)of active proton pumping. Figure 2B represents the intralysosomal pH as a function of the dose of NH4CIin the presence and absence of ATP.These findings indicated that the rate of dissipating the pHdifference by ammonia (permeation of NH3) is faster than that of proton pumping.
Wealso found that after adding a high enough concentration of NH4CI, the increased lysosomal fluorescence did not remain when proton pumping was active ( Fig. 2A, arrowhead) . Figure 3A shows the time course of a fluorescence change of lysosomes after adding 40 mMNH4CI. In the absence of ATP, the fluorescence intensity increased almost instantaneously upon the addi- Time ( Time ( ATPfollowed by NH4C1also produced instantaneous increase (to about pH 7.0), followed by a further gradual increase in the fluorescence intensity. An FD-latency test of FD fluorescence (lysosomal intactness) revealed that this increase in fluorescence intensity was caused by the dequenching of FD fluorescence through its release fromlysosomesand subsequent exposure to medium pH (7.0) from more acidic lysosomes and that there was little change in the intralysosomal pH (Fig. 3B) . That is, NH4CI cooperated with ATPto disrupt lysosomes. 2. Effect of other basicsubstances on thepHand integrity oflysosomes. Figure 4 shows the effect upon fluorescence intensity after adding various bases in the presence of ATP. Not all the bases tested produced the same result. Methylamine, atropine and chloroquine, which are all vacuoligenic in cell culture, produced fluorescence changes similar to those of NH4C1.On the other hand, non-vacuoligenic tributylamine instantaneously increased the fluorescence with no further changes. Neither aniline, tris(hyroxymethyl)aminomethane, nor triethanolamine produced a fluorescence increase. Table I summarizes the pHand intactness {%) of lysosomes after exposure to these chemicals. Noneof the non-vacuoligenic bases disrupted lysosomes, while vacuoligenic methylamine, atropine and chloroquine didso.
3. Effect ofacidic ionophores on thepH and integrity of lysosomes. Exactly the same phenomenawere observed with acidic ionophores instead of bases. Figure   5A , B shows the effect of nigericin on the fluorescence, pH and integrity of lysosomes. Like NH4C1, nigericin increased the lysosomal fluorescence (and therefore lysosomal pH) quite rapidly and in the presence of ATP, further gradually increased the fluorescence. However, not all ionophores disrupted the lysosomes. Figure 6 shows the effects of other ionophores upon the fluorescence intensity.
X-537A caused essentially the same effect. That of monensin was quite similar in medium Table I . Combined effect of weak bases and ATP on the pH and integrity of lysosomes.
* In the absence of ATP, bases were added at 2 min except for TEAand Tris, which were added at 4 min. NH4+, NH4CI (40 mM); methylamine, methylamine hydrochloride (40 mM); Atropine, atropine sulfate (2 mM); chloroquine, chloroquine diphosphate (400 ftM); TBA, tributylamine hydrochloride (40 mM); TEA, triethanolamine hydrochloride (40 mM); Tris, tris(hydroxymethyl)aminomethane hydrochloride (40 mM); Aniline, aniline hydrochloride (40 mM). Time ( where KC1was replaced by NaCl. However, neutral ionophores, such as protonophore FCCP, the K+-ionophore valinomycin, the Na+-ionophore antamanide, and the channel-forming ionophore gramicidin, did not disrupt the lysosomes. 7B ). Under these conditions, NH4C1stopped disrupting lysosomes. This phenomenonwas affected neither by vanadate (5 mM) nor by oligomycin (25 /ig/ml), which inhibit other types of proton pump. Replacing chloride with less-permeant gluconate retarded the NH4C1-or nigericin-induced lysosomal disruption (Fig. 8) , indieating that membrane-permeant anions are required not only for acidification, but also for lysosomal disruption.
Comparison between lysosomal vacuolation in vivo
andA TP-dependent lysis oflysosomes in vitro. The lysosomal disruption caused by weak bases in vitro correlates well with the lysosomal uptake of weak bases and subsequent vacuolation found in vivo, its dependence on energy (33) and on the type of effective basic substances (36). Figure 9 shows that the vacuolation produced by 10 mMmethylamine is suppressed by adding the H+-ATPase-inhibitors bafilomycin Aj (100 nM) and NEM(1 mM) to the media, showing its dependence on proton pump activity. However, the acidic ionophores, nigericin and monensin (both 2.5 fiM) produced vacuolation in the Golgi, but not in the lysosomes in vivo (19; also see Fig. 9 ), contrary to the findings that basic substances are general inducers of vacuolation in acidic organella (32, 67) . None of the neutral ionophores significantly vacuolated the lysosomes (data not shown).
6. Effect of Osmolarity of the Suspension Medium on LysosomalDisruption. Cytoplasmic vacuolation caused by basic substances is considered to be a consequence of osmotic swelling of the lysosome system. If lysosomal disruption is due to an osmotic effect, it should be suppressed by increasing the osmolarity of the suspension medium. As shown in Fig. 10 and Table III , increasing the concentration of sucrose or KC1in the suspension mediumsuppressed lysosomal disruption induced by NH4CI and nigericin. 7. Effect ofCytosol on LysosomalDisruption. Lysosomes within cells {in vivo, supplied with full energy) are stable to weakbases and acidic ionophores, which is contrary to the findings in vitro described here. The lysosomal disruption was not due to impurities in the lysosome preparation, such as mitochondria. FD-loaded highly purified autolysosomes and dextranosomes gave similar results (Fig. 1 1) . Their disruption was inhibited by bafilomycin A1? a potent selective inhibitor of vacuolar H+-ATPase (8) . One of the most important differences between the in vivo and in vitro conditions surrounding lysosomes is the presence of cytosolic components in vivo. Therefore, we tested the effect of cytosol on the ATP-dependent lysis of lysosomes. As shown in cin (or X-537A, A23187) + K+, or monensin + Na+)
induced both a pH increase and lysosomal disruption, but (ii) a combination of a neutral ionophore with a partner cation (valinomycin (or nonactin) + K+, antamanide + Na+, or protonophore (like FCCP) + H+)
did not disrupt lysosomes, although they induced a slight increase in pH. ATP-dependent manner. (7) It was suppressed by cytosolic factor(s).
These results indicated that lysosomal disruption depended upon proton pump activity and membrane-permeant anions, and that it correlated well with the lysosomal accumulation of weakbases and subsequent cytoplasmic vacuolation that occurs in vivo (36). In fact, we observed a proton pump-dependent massive uptake of weakbases into isolated lysosomes (manuscript in preparation). All lines of evidence favor the notion that the mechanismunderlying the phenomenonis osmotic swelling of lysosomes caused by the salts of weak bases or metal ions accumulated inside them. Figure 13A shows the proposed mechanism for the ATP-dependent lysis of lysosomes induced by weak bases. Protonated bases accumulate within acidic lysosomes according to the mechanismproposed by de Duve et al. (15) . This results in the increase of lysosomal pH at high enough concentrations of bases. In the absence of an energy supply, however, the base distribution across lysosomal membranesquickly reaches equilibrium with no morebase accumulation or pHincreases. This results in little change in the lysosomal integrity, because of the limited supply of H+ (low buffering capacity) from the lysosome interior (50, 65). On the other hand, if Mg-ATPis present and weak bases are absent, protons are introduced into lysosomes driven by proton pump, accompanied by membrane-permeant anions (like chloride), which cross the membrane through the chloride channel (39, 64, 65) , then acidification continues. If weakbases are present at the same time, the protons introduced into lysosomes are instantaneously replaced with the protonation of free bases. Membrane-permeant anions (chloride) follow to reduce the membranepotential difference, which favors continued proton pumping. The consequence is the accumulation of osmotically active salt (a pair consisting of a protonated base and chloride) and therefore, water inflow and subsequent osmotic lysis of lysosomes (32). This is a logical consequence of de Duve's model of base accumulation (15) . The more precise mechanism of differential uptake into lysosomes of bases (greater uptake of atropine than methylamine) will be presented in a forthcoming paper (Ishizaki, J. , et aL ; manuscript in preparation).
This in vitro phenomenonis probably related to the vacuolation of the Golgi apparatus and lysosomes found in vivo produced by accumulated bases. In fact, fluorescence micrography shows that vacuoligenic chloroquine (1) accumulates within vacuoles derived from lysosomes. This also probably corresponds to the phenomenonof the continued cellular uptake of bases even after an increased steady state pH within lysosomes has been reached, whencells are exposed to basic substances like methylamine (36). Also, vacuole formation induced by weak bases requires metabolic energy, because the metabolic inhibitors (NaN3 and deoxyglucose or anoxic conditions) inhibit both methylamine uptake and typical vacuolatin (51 , 60, for acridine orange vacuolation). Vacuole formation was also inhibited by proton pump inhibitors (Fig. 9) . The pH increase, accumulation of bases and lysosomal vacuolation can be essentially reproduced by using a model in which the protonated bases accumulate within lysosomes driven by a proton pump assisted with a buffering capacity (Ohkuma, S.; manuscript in preparation).
The mechanism of acidic ionophores is shown in Fig.  13B . Substances that accumulated within lysosomes were chloride salts of the cation corresponding to the acidic ionophore in question. They accumulated through the action of the ionophore by exchange with protons introduced by the ATP-dependent proton pump. Therefore, continuous proton pumpingresults phore-induced perturbation of the ionic composition of cytosol might be a reason for the inability of acidic ionophores to produce lysosomal vacuolation in vivo (Fig.   9 ). Otherwise, it might be due to an unknown, more specific interaction of these ionophores with lysosomes and the Golgi apparatus. Furthermore, there may be a type of vacuole formation that is independent of the osmotic swelling of organella. In this and other respects,^^0
. 2M findings on the vacuole formation induced by the cytotoxin of Helicobacterpylori (12) (ex. , nigericin). (9, 23, 40) in which disruption proceeds, however, without ATP. This is because of the very high buffering capacity of the chromaffin granule interior. This phenomenon has been discussed in connection with the discharge of chromaffin granule contents in living cells by incubating them with bases or acidic ionophores (20 The first situation requires a new look at the vacuolar system. Lysosomes assume tubular and spherical forms (10, 29, 30, 52, 62, 63) . The formation of tubular lysosomes depends on microtubule function, and colchicine as well as nocodazole fragment tubular, into spherical lysosomes (62), suggesting that lysosome elongation is regulated by microtubules. On the other hand, phorbol myristate acetate induces the tubular lysosome morphology (63). It should be stressed, however, that these morphological interchanges of lysosomes between tubular and vesicular should involve membrane fusion and/or fission of membranes.
On the other hand, the second explanation suggests that this in vitro system constitutes a useful means with which to study fusion mechanisms between lysosomal membranes. Lysosomes from individual cells rapidly exchange membranes and their contents with those of other cells in heterokaryons (17). This process is also sensitive to the microtubule-disrupting agents, colchicine and nocodazole (16, 17) . Furthermore, in the beige mouse (animal model of human Chediak-Higashi syndrome), large lysosomes originate from fusion among the lysosomes themselves (68) . These findings constitute good evidence that lysosomes fuse with each other within cells. Lysosomesfuse in vitro (47). There is also evidence for osmotically-induced membrane fusion (ll, 20) , which may also favor fusion between osmoticallyswollen lysosomes in cells exposed to weak bases or acidic ionophores.
In either respect, it is of interest to determine whether or not microtubuledisrupting agents suppress the swelling of lysosomes induced by vacuoligenic substances. A preliminary study indicated that even in the presence of microtubule disrupting drugs (colchicine or nocodazole), cells become vacuolated by weak bases or acidic ionophores (unpublished observation). These findings suggest that vacuole formation of this type could overcome these inhibitory conditions or bypass the regular pathway of tubulo-vesicular transformation or fusionfission reactions amonglysosomes. Studies on the mechanism of membranefusion have progressed recently and several cytosolic factors, including NEM-sensitive factor (NSF), function in membrane fusion between vesicles of the vacuolar system, including Golgi apparatus and endosomes (7, 45, 53, 54, 61, 66, 69) . Furthermore, there are at least two types of fusion reactions present within cells, heterotypic and homotypic, that seem to differ in respect to requirements. NSF seems to be required for heterotypic, but not for homotypic fusion (24, 25, 27, 46) . Vacuole formation through swelling of lysosomes may naturally be regarded as homotypic fusion and therefore, should involve new types of fusion reactions (or factors). In our studies, the cytosolic extract suppressed the lysosome disruption induced by basic substances (Fig. ll) and acidic ionophores (39). This suggests that a cytosolic factor(s) "stabilizes" lysosomes, possibly through osmoregulation and/or membrane fusion among them. This finding might also constitute evidence for the requirement of fusion among discrete lysosome organella (instead of a simple swelling of the continued structure of lysosomal system) for vacuole formation in vivo.
Further in vitro and in vivo analyses are required to clarify the mechanism of cellular vacuolation. As the model described here constitutes a good system for studying lysosomal dynamics involving osmoregulation and membrane fusion/fission and the role of cytosolic factors in lysosomal dynamics, we are extending this line of study. We have already identified several proteins that are apparently involved in stabilizing isolated lysosomes in vitro (Arai, K., et al. ; manuscript in preparation 24. Ikonen, E., Tagaya, M., Ullrich, O., Montecucco, C, and
